INTRODUCTION 27
Monitoring of water quality in swimming pools is important in order to avoid health risk 28 to swimmers and swimming pool staff. In general, there are three sources of organic 29 matter: the water supplied to the pool, a passive loading of organics leached from the 30 bodies of bathing guests, and a more direct loading of bodily wastes in the form of urine 31 and faeces. The latter is most harmful, however, both contribute to the organic loading 32 and hence the microbial quality in pools. Microbial safety of swimming pool water is 33 required by law (Directive, 2006) . Moreover, the organic matter concentration should be 34 maintained low as it reacts with chlorine and produces a suite of chlorinated organic 35 compounds (e.g. trihalomethanes THMs) which are known to be harmful. 36
To be effective, a water quality monitoring system needs to detect 37 contamination at the initial stage. At present, for chemical and microbial water quality 38 monitoring, a combination of sampling and subsequent analysis is usually applied and 39 may not assure the health of the bathers. Therefore, there is a strong need for on-line 40 sensors providing immediate information on water quality which enables a quick 41 remedial action. Fluorescence might be a promising technique that fulfils the required 42 criteria. Fluorescent properties of organic matter have been widely studied in various 43 aquatic systems for many years (Coble, 1990 knowledge, there is no information on fluorescent organic matter in swimming pools. 49
Drinking water purification studies suggest that in chlorinated waters organic matter 50 fluorescence will be low (Johnstone and Miller, 2009 ). In swimming pools, water has to 51 be disinfected with chlorine and adequate free chlorine level has to be maintained to 52 assure the microbial safety (Uhl and Hartmann, 2005) . Chlorine dosages used for 53 swimming pool disinfection are higher than those applied in drinking water treatment. 
Sampling and storage 76
Two swimming pools at the Gladsaxe Sport Centre (Søborg, Gladsaxe council, Denmark) 77 were sampled during this study. One was a full length cold water pool (2700 m 3 ) and the 78 other a smaller warm water basin (50 m 3 ). Each pool has a separate water treatment 79 system. To minimize the adverse effect of chlorine on human skin, sodium chloride is 80 normally added to the water. A sodium chloride concentration of about 0.4 % is 81 maintained in both basins. Water temperature is maintained in range of 26-27 ºC and 31-82 34 ºC in the cold water and warm water basin, respectively. The pH was 7.4 in both 83 pools. The warm water pool had a 13-time higher number of guests per m 3 than the cold 84 water pool, which corresponded to 4.6 and 0.35 persons/m 3 /day, respectively (Table 1) . 85
A set-up of the water recirculation in the two systems is shown in Fig. 2 . This 86 set-up was similar for both systems; therefore it is shown as one. In this set-up, only 87 elements of interest are shown. Both pool treatment systems contained coarse filtration 88 and sand filtration. Moreover, the warm water pool system contained side stream 89 activated carbon filtration and side stream UV treatment (these two stages were not in 90 operation during the experiment). Chlorine is produced from electrolysis of sodium 91 system and in the cold water system, respectively. In both systems, the water is 93 recirculated and about 3 to5 m 3 of water is added per day. The filter beds had been 94 working for in the cold and warm water pool, respectively, and both were backwashed a 95
week before the study period. 96
During the experiment, samples were taken from a variety of sites to minimize 97 sampling error and generate a representative set of samples. All sampling sites for both 98 pool systems are marked in Fig. 1 . For the cold water basin system, the sampling sites 99 were as follows: directly in the pool (site 1), pipe collecting water from the basin, before 100 the equalizing tank and sand filters (site 2), and a small pipe at the analytic board (site 3). 101
For the warm water pool, samples were taken directly from the pool (site 4), the 102 equalizing container collecting water from the basin (site 5) and a pipe at the analytic 103 board (site 6). 104
The difference between sampling sites between the two systems (sites 2 and 4) was 105 caused by their accessibility in terms of sampling and applying water quality sensors. 106
In the first series of the experiment, water quality was monitored for 5 days (3 days site 2 107 only and 2 days sites 1 and 3-6) within the opening hours (7-21 on weekdays and 8-15 on 108 weekend days) of the sport centre so the daily variability in fluorescence could be 109 assessed. Conductivity was measured on site with Hach HQ 14d meter (Hach Co., USA). 110
For fluorescence, absorbance, adsorbable organic halogens (AOX), and non-volatile 111 organic carbon (NVOC) analyses, water samples were collected in acid washed and 112 precombusted (550 ºC) 40 ml glass vials with Teflon-lined silicone caps. 100 µl of 113 Na 2 S 2 O 3 solution (concentration of 5 g/l) was added to every sample to bind free chlorine 6 and stop further reaction with organic matter during storage (Johnstone and Miller, 2009). 115
Before sampling this preservation method had been evaluated for its effects on organic 116 matter fluorescence. No adverse effects were seen (Supplementary Information, SI -1.). 117
The collected samples were kept refrigerated at 4 ºC, transported to the laboratory and 118 analyzed within 3 days for NVOC and absorbance/fluorescence, and within 2 weeks for 119 AOX. 120 121
Wastewater experiment 122
In addition to the pool sampling a laboratory experiment with wastewater additions was 123 carried out. Raw municipal wastewater has been applied in the experiments as the source 124 of domestic waste including fractions released directly from human bodies thus 125 equivalent of anthropogenic organic matter in swimming pools (saliva, sweat, skin, hair, 126 urine, faeces etc.). A 5 L swimming pool water sample was taken from the warm-water 127 basin. The sample was kept refrigerated (4 ºC) and used in the experiment on the 128 following day. Before starting the experiment the pool water was spiked with sodium 129 hypochlorite solution to re-establish in situ chlorine concentrations of 1.2 mg /L free Cl 2 . 130
The wastewater used in the experiment was raw sewage from a municipal wastewater 131 treatment plant serving 135,000 persons (Lundtofte, Kgs. Lyngby, Denmark). The 132 wastewater is mainly of residential origin, only 8-10% is industrial wastewater. It was 133 filtered through a 1.6-µm pore size glass fiber filter before use. The characteristics of the 134 water are shown in Table 2 . 
Detection limit 181
Detection limits were calculated using a method based on t-distribution test (Harris, 182 2003) . This method generates a detection limit that has a 99 % chance to be greater than the blank. Fluorescence EEMs of a blank sample which was swimming pool water 184 collected the day before the experiment was performed. A sample close to the DL (0.75 185 % wastewater addition) was generated and measured 7 times. In addition a series of 186 wastewater additions to swimming pool water were made in the concentration range of 0-187 2 % and their fluorescence measured. Fluorescence intensity of wastewater-like peaks, 188 found during PARAFAC modeling were used as signal response for calculations. The 189 signal detection limit was calculated according to equation 1. The concentration detection 190 limit was calculated using the obtained calibration curve. 
PARAFAC components 204
Kinetics study of fluorescence in swimming pool water with wastewater addition showed 205 that all components were quite stable within the measurement time (160 minutes) 206 10 (Supplementary Information, SI -2). Comparison of the EEMs of swimming pool water 207 with and without wastewater addition showed that swimming pool water exhibited very 208 low fluorescence. Consequently, the fluorescence spectrum of a swimming pool with 209 wastewater added is clearly dominated by the wastewater organic matter fluorescence 210 ( Fig. 2) . PARAFAC modeling of the swimming pool samples, including samples with 211 and without wastewater addition revealed that the fluorescence of organic matter in 212 swimming pools could be characterized by five different fractions (Table 3 and Component 4 resembles the previously identified M-peak. Originally, it was associated 235 with surface water productivity (Coble, 1996) but then it was found to be more of a 236 ubiquitous component (Coble, 2007) . Component 5 exhibited a shape and form similar to 237 the protein-like peak but both its emission and excitation maxima were shifted towards 238 longer wavelengths. 239 240
Variation of fluorescence in swimming pool water samples 241
Among the fractions, component 5 was specific to swimming pool water and components 242 1 and 3 were specific to wastewater. Components 2 and 4 were present in both water 243 types, however, at much higher concentrations than in wastewater ( Fig.4) . 244 245
Correlation of fluorescence components with wastewater addition 246
Components 1-4 showed strong correlation with wastewater concentration (R 2 0.985; 247 0.989, 0.987 and 0.995, respectively) ( they were found to be correlated with the wastewater concentration, they were likely 254 associated with wastewater humic matter. More specifically, component 1 represents 255 terrestrial fraction of wastewater organic matter, and component 3 was associated with 256 humic-like C-peak. Component 2 (protein-like) is characteristic for sewage contaminated 257 waters and has been previously found to be correlated with sewage content in the water 258 (Baker, 2001) . Component 4 has been previously associated with phytoplankton or 259 microbial productivity. In our experiment this peak was assumed to be associated with However, component 4 fluorescence exceeded the wastewater detection limit for two 278 samples only, whereas component 3 was above the detection limit for the both entire 279 days. Component 5, a swimming pool organic matter-like peak, showed some variation 280 but no systematic trend during the day. Fluorescence of components 1 and 2 was below 281 the wastewater detection limit through the whole sampling period. 282 283
Correlation between fluorescence, NVOC, AOX and combined chlorine 284
For the warm water pool, the NVOC content was in range of 2.2-2.8 mg/L on the first 285 sampling day, and higher (range 2.5-3.2 mg C/L) on the second sampling day, and 286 increased through the day. The increase in NVOC was caused by input of two organic 287 fractions, assigned as components 3 and 5 which were correlated with NVOC ( Fig.7a ). 288
The R 2 values of the correlations indicate level of significance of almost 99.9 % and 289 higher than 99.9 % for components 5 and 3, respectively. 290
The material released from bodies of bathers in swimming pools contains both 291 organic matter and ammonia and can react with chlorine. The latter reaction forms 292 chloramines. Both chlorinated and non-chlorinated organic matter can be detected as total 293 or non-volatile organic carbon. Therefore, in this study the concentration of combined 294 chlorine in the swimming pools was correlated with NVOC (R 2 of 0.626, data not 295 shown). Consequently, a correlation between fluorescence component 3 and 5 and combined chlorine concentration in the warm water pool was found ( Fig.7b) , with levels 297 of significance higher than 95 % for both components. 298
High concentration of disinfection by-product in the swimming pool water, showed by 299 chloramines, was also confirmed by the AOX content which was in range of 1.73-2.03 300 mg/L for the warm water pool. Negative correlations between AOX and NVOC, and 301 AOX and fluorescence of components 3 and 4 were also observed ( Fig. SI-5) . 302 303
Cold water pool 304
For the cold water pool, almost all the wastewater-like components showed fluorescence 305 below the wastewater detection limit. On the both sampling days, only one sample 306 slightly exceeded the detection limit (data not shown). The NVOC values for the cold 307 water pool were constant (1.8 -1.9 mg C/L on both measurement days). Therefore, no 308 correlation between fluorescence and NVOC, and fluorescence and combined chlorine 309 was observed in the cold water pool. Combined chlorine concentration was in range of 310 0.4-0.6 mg/L, and AOX content varied from 1.0 to 1.26 mg/L, whereas THM 311 concentration was 23 μg/L. 312 313
Monitoring organic matter loading and accumulation in swimming pool water 314
The trend in component 3 observed for the warm water pool represents organic loading to 315 the pool which can be direct release of organic matter to the pool and/or a product of its 316 initial oxidation. This component is stable and accumulates during the day but becomes 317 oxidized during the night when the organic loading to the pool has stopped (i.e. there are 318 no guests in the pool). No similar accumulation was observed in the cold water swimming pool. Most probably, this is due to the high number of bathers in the warm 320 water pool (Table 1) . Moreover, a higher temperature in the warm water pool (31-34 and 321 27 ºC in the warm and the cold water pool, respectively) could both promote release of 322 organic substances from the bather's skin and stimulate the production rate of the 323 oxidized fraction of component 3. The higher organic matter release and oxidation extent 324 is confirmed by higher NVOC, THM and AOX concentration in the warm water pool 325 (ref. sections 3.5. and 2.6., and Table 1) 
Wastewater detection limit 336
The detection limits of wastewater in the swimming water were calculated for all the 337 wastewater components (Table 4 ). It shows that the lowest detection limit was found for 338 component 4 and equaled 0.2% v/v of wastewater. The highest detection limit has been 339 obtained for component 1 and it was four times higher than for component 4. The The standard deviation values were 2 and 3% for components 1 and 2, respectively, and 585 4% for components 3-5. 586
An analogous experiment has been performed for MQ water with 0.75% wastewater 587 addition ( fig. SI-4) . 
